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ABSTRACT 



Autoclaved materials were made with varying bulk C/S 
adied S k ^?- qlJ r tZ Particle •*«••• -ith LtdVlSSut 
22 C S^ *'^ d th6ir str ^Sths, densities, phase 
and C-S-H compositions and porosities determined. If 
■ gUCfc^nreaoted quartz renins, strength is controlled 
if Hi P^* 1 ? 1 ?-*"* distribution and the porosity, but 
nL l, erial ^ largely C-S-H, the distribution of 
Partxcle types within the C-S-H has a major effect 
Increase in C-S-H crystallinity can either raise or 
^£S^ tg -aff depending on th e amount of unTe^t^d . 
oT^SFc S T ° A k *° X± ™*° raises the crystaTTinity 
oi tne C-S-H and may also accelerate its formation. 
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JJJ. Crennan, S. A. S.^-Hemaly, H. F. w. Taylor Vo1 " ? ' N °-'f- 
Introduct-i nn 

«=i-^^ UtOCl f Ve P roces3 « s in which lime and quartz are the 

aspects of the^eact^on are Till ?™Z previouS Studi « s . "veral 
is the effect ZtZl *w * stl11 incompletely understood. One 
Early vlSl lhS 6 V ^ystallisation of the binder. 

desiraSHre now^raJn^ect f C ^ Stallina tobermorite is 
aerated concrete ^Si^Sf^Ji^^^S.J: 1 '! 

that a ble^d of c^;ta??Ine ^H e ' ^ desirabl « *° the extent 
A second prob^L clncSns t h rJf^ e t P particles is -Quired, 

caused by too Ion* a Sf Z*\° r over " re "tion, whether 

claving or by the ores InL L S Xe \* tem P erature of auto- 
the effects of auding k^olinfte 0 ^* **" . 
sources of A*3 + do not ^ V su * tabl y reactive 

P-sent work was d don:%o S % e Tar2fy% n es e rp oi nS? rSt00d - ^ 

Experimantal 

Sample Preparation, Compressive Stren g ths ^ Bulk. Density 

from below 7.5 pn. P to above ^.1^ u8 f d V ra »aing 

98.5 - 99.856, the coarser fractions 2l«f % contents were 
and Pe 2 0 3 the chief impurities The C^fo^ PUrer ' W±th A *2°3 
material. Two seri « J Ca(0H) 2 was reagent grade 

workabilitv a w . Z \ water , to achieve reasonable 

eaont/s 'rail: (J f tT"S alo^O ^"V^" * ad to ba «^ d 
The paste was cisi^o 0 ; 2 i x °' °^ L^L^ 6 ^ 1 ^ ' 
machine tamping, cured in the mould for " iSSI*! h* ^ 

room temperature, demoulded, autoclaved for if h J? w 2 nd 
was at 177°C, and finally kept in water Jor 2? h f WhlCh 8 * 
temperature. Three t water for 24 h at room 

combination of bulk com^^f ** usuall y »ade for each 

two bars made from each P mIx ° n *" - qUartZ *i*e, and 

of 3 Ses"L We :: c hW n t t :,;e 3 d B : t^* r* — Wlv strength, 
one cube from eLh „L „ 3 ^ ^nsity of 

measurement after drying lor ^rS^Sc"" 18 ?* "* V ° lume 
0f u specimens, 42 representative ones' JI^.^.?;^ 1 * 

Insoluble Residue a „H rn , Dgtexsinationg 

^•rC'JS'^iruSS*;:^^ * s a -r u ™ of —acted 

contendere warmed with toJ^aOH^O^) 'unSiTt^aper 
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dissolved. The mixture was diluted to 100 mt with hot water 
and let stand for 30 rain. The solution was reacidified to 
methyl red, filtered, and the residue washed as before The 
residue was ignited for 1 h at 950°C before weighing. 

for samples made with the finer quartz fractions, this 
method gave slow filtration and the following was substituted 
The sakple (l g) was mixed with NH^C* (1 g) and cone. HCl 
(10 mt K carefully added. When the reaction subsided, cone 
HNOo (2\drops) was added. The mixture was heated on a water 
bath for\30 min with occasional stirring. Filtration, 
washing, NaOH treatment and weighing were done as before. 

Carbon dioxide was determined by heating at 900°C in No 
and absorbing the evolved gas in Ba(0H) 2 solution followed 
by back-Vitration with HCi . The COo was assumed to occur 
wholly as\CaC0^. 

X-Rav Diffraction 

X-ray dif fractoraeter traces were made of all samples at 
a scanning rate of 2 deg/rainj selected samples were also 
examined at a slower scanning rate or with a Guinier camera 
All samples were found to contai n Ittir e a^ t e^ ^arj^ 'some 
contained unreacted CaXQH) 2 . Poorly crystalline C-S-H was 
detected in most samples by a broad band at 3. 1 — 2 7 1 
peaking at about 3.0k A, together usually with a weaker'and 
sharper peak at about 1.82 A. In a few samples, the 3 1 
band had shoulders or very weak subsidiary peaks at 3 08 A 
and sometimes also 2.98 and 2.82 A, attributable to incipient 
crystallization of tobermorite. No other peaks of C-S-H or 
tobermorite were observed. Calcite was detectable as a 
mznor constituent of most samples by its strongest peak, which 
was superimposed on the C-S-H band. In a few samples made 
with the coarser quartz fractions, two or three of the strong- 
est peaks of a-C 2 SH were weakly observable. 

Differential Thermal Analysis and Thermo gravime try 

All samples were studied by DTA at 10 deg min"" 1 to test 
for quartz, Ca(0H) 2> CaCOo, C-S-H and a-C 2 SH. Where Ca(0R> o 
was present, part of the cooling curve was studied to test 
h°? th ™££ rt2 transition - The C-S-H gave a broad endotherm 
below 300<>c and an exotherm at 80O - 890°C. The C/S ratio of 
the C-S-H was calculated as described later, and with decrease 
in its value the exotherm moved to lower temperatures and 
became sharper, as observed previously (1,2), Variation in 
peak temperature was continuous; a few samples gave double 
peaks. These results suggest that the C/S ratio of the 
r"% w Varies continuously and that some samples contained 
o-b-H of more than one composition. Some specimens contain- 
%n% ?,7^oZ r ni * n C/S ratio aiso gave a- weak endotherm at 
o«u - 7^0 C; similar peaks have been reported earlier (2). 
: ts s ^xficance in the present case is uncertain. rt could 
to r rn T L°l the C ~ S ~ H decomposition, but might also be due 

11 /o3"' wnicn can & ive multiple peaks under certain condit- 
xons (37, 
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TG curves were made for all samples at 10 deg min 1 in N 2 . 
They showed a continuous loss up to about 700°C on which were 
superimposed relatively sharp steps attributable to Ca(0H) 2 and 
CaCO^ at about k50°C and above 700°C respectively. 

Ca(0H) 2 was determined from the TG curve and also by DTA. 
In the latter method, standardized conditions were used and 
calibration effected by using mixtures containing known amounts 
of Ca(0H) 2 iwith various diluents. For samples with 10 - 3pf> 
Ca(0H) 2 the two methods usually agreed to l£; at higher 
Ca(GH) 2 contents, the DTA results were usually higher than 
those from TG, while at low Ca(0H) 2 contents, TG gave higher 
results than DTA and X-ray dif fractometry was more sensitive 
than either. For most samples, the mean of the TG and DTA 
results was used but for Ca(0H) 2 contents below 10# the TG 
values were used, except in a few cases below Jp where estimates 
based on the X-ray results were considered more reliable. 



Results 

\ * 
Fig. 1 gives compressive strengths; each value is the 
mean for all the cubes of a given bulk composition and quartz 
particle size tested. Usually 18 cubes were tested, that had 
been cut from 6 different bars. Standard deviations are also 
given and relate to the means for the groups of 3 cubes cut 
from each bar. The broad trends are not altered if strengths 
are replaced by ratios of strength to bulk density. 

For the 42 representative samples, weight percentages of 
C-S-H were calculated by difference, and volume percentages of 
each Phase assuming densities of 2.71, 2.65, 2.24 and 2.20 
g cm-5 for CaCOo, quartz, Ga(0H) 2 and C-S-H respectively. 
Porosities were then calculated by difference. Table^l gives 
the results, which refer to material dried at 110 - 127 C. It 
was assumed in the calculations that the calcium hydrosilicate 




DOI « WO T.IIO .... 

A. Nokaolinite B. With kaol mite 



FIG. 1 

Compressive strengths (MPa) ; means for all cubes of a given 
bulk composition and quartz particle size, with standard 
deviations below each value. 
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TABLE 1 

Strengths, Densities, and Compositional Data 



No. Quartz Bulk 
size C/S 



Bulk Comp., Percent by 
D str. j weight 
(C-S-H 
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35 16 33 
28 14 35 
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8 44 41 
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5 49 45 
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0»8l 
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0.99 
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Tn fact a-C 2 SH was detected by DTA in 
was entirely C-S-H. In J^'tSe two coarsest quartz 
ffl oat of the samples made wxtn ™ c diffraction, but the 
Actions ana iS three ^ W /--y JjJ^^. present were 
X-ray and TG evidence inQ ?; ca * e ° . C _ S _ H appeared from the 

LSI. «" t" t S"5 s r s t°c^"t Jn»«r ««• — «» 

X-ray .vid.nc. to l>»ye U>. nis 

of unreacted quartz and Ca(OH) 2 . repre sentative 
in Fig. a, the compressive ^^^e of C-S-H the 

sauare of tne 6 ej - . . p . . af4 . B( i aS the volume oi 
Th£ «el : space ratio xs defined * S ^ samples made usxng 
S tne volume of C-S-H plus P"" 5 ^™ 6 ^! Lve strengths 
the two coarser quartz factions nearxy the finer fractxons 
helow W ° 55 - 60 MPa. while those made usi^ } . can 

SSS.'S.SSiSS - - tL °* ^^eAtatSe^sfmpLrare plotted 
c^pressxve strengths of * h ^ r f ^s nfme^ingful relationship 
against log porosities ^Lideed, the strongest are among 

for the samples as a whole and gj-jj; are considered in 

the most porous. How * V ^* " art icular particle size, the 
groups made with ^^/relationships between strength 

results approximate to linear re ia coar3e st quartz 

" U l e plrosity, especially for the two j ±> there 

and Without kaolinite. 

Wacussion 

The results confirm th e findx ngs of -^/t^autoclaved 
investigators that ^JS^i^P-SS-^SSib-t- to 

lack of space assocxated with rel y ^ ^ 

•mere are priced differences between^ ^ ^ 
Sneft! anrthf^groups S5 - considered separately. 

Samples with Coarse Quartz ^ 

" For the samples made f compTessxvf strengths 
quartz (above 45 and 30 - 45 urn) , Jhe c P 8±ze or bulk 

(Fig. 3). r ere or^ s!h square of gel : space ratio, and 
volume percentage of C-S-H. squ 

Ca/Si ratio of C-S-H (Fig. Z) . 
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0-1 0-2 0-3 

Square of gel; space ratio 

FIG. 2 



1 2 
CiS ratio of C-S-H 



Plots of compressive strength against several variables. 

O" Samples made without kaolinite. •Samples made with kaolinite. 
Region of results for sand-lime bricks in (b) is from Purton (5). 



FIG. 3 

Plots of compressive 
strength against log 
porosity for each 
quartz particle size. 

O, D Without kaolinite. 
• , .»Vith kaolinite. 

Lines H0 f AP : see text. 

J0 JS «o ** so 

All these sa mples cont ain much unreac t e d qu artz and most 
also Isontaiin^unr eacted Ca(0H^*2~. The factors that most 
directly control the~s trength are probably the porosity and 
the particle-size distribution of the unreac ted quartz. The 
second of these will be fairly closely related to the particle- 
size distribution of the quartz before reaction, which in 
broad terms accounts for the high correlations in Fig, 3. The 
two factors together are also related to the volume of C-S-H 
produced , in such a way as to produce a relationship between 
strength and gel : space ratio that is approximately independent 
of the particle-size distribution of the quartz (Fig. 2b). . 
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not clear and would repay 
The reason for this impendence is not ^ volume 

investigation The cprr elat *etw ^ ^ the higher 

percentage of C-S-H (Fig. ZaJ pro jr ra tio. which 

correlation with the square of th <\ ^: ty P are small relative to 
occurs because the variations in porosity ar^ correlation of 
those in the volume percentage ** C %% (Fig . 2c ) probably 
strength with the c/S ratio of the o plated to the volume 

EHr- sVtistifSir^r/s ss*s£.. - — - - 

J«/to increased paction of C - S -»^ ^ fflaterials dlffer 

Sand-lime bricks and sxmxlar section in that they 
from *ost of the samples ^l™ 3 **^ * ^gemble them in 

contain little or no ^"^^^^^^h'pSorly-crystaliine C-S-H 

containing » " n Z* & ^Tllll- aL' *° control their 

as the bind er^ The same lengths of 55 commercial 

strengths. Purton (5) P^Houares of%heir gel; space ratios, 
sknd-lime bricks against the ^ ua ~* on shown in Fig. 2b, and are 

S sLfl S ar r ro U ih S os f e al founn iTthe'present work. . 

— p 1 - M » da wi'™-""* ft5 30 7 5 . 15 and 

For the three finest between the samples 

below 7.5 H») there f^^^/^f the trends of strength with 
m5aH „ W ith and without kaolinite in /„. _ ,\ i n both 

ouartz parole size and bulk C/S ratio /s Q 81 

SS-.'th. highest strengths occult or near^ ^ 
and quartz particle size 7.5-15 P m ; s the strength if the 

C/S ratios, addition of ^-linite ^^/decreases it if it is 
quartz particle size is below 7 .5 p. of quart z, the 

?5 . 30 pm. For all fch «f "f**!*^ particle size, but the 
porosities are i» fluenc * d ** W ith any degree of precision from 
Strengths cannot be predicted "f^^possible to predict 
the porosities (Fig. 3). " « decision from the volume 
the strengths with any degree of P/«« S JJ2 . s ce ratio, or the 
percentage of C-S-H ot ^esf results show that, 

C/S ratio of the C-S-H (Fig. 2). d the strengths are 

In the finer grades of ^f ^l £T; ^ j0 r effect on the 
above about 55 MPa, some n fV* aC *°* * 0 f the factors consider- 
strength that is not correlated with any 

ed above. ra / OH l has reacted completely or 

In all these samples the Ca(0H) 2 has tz haS usua lly 

almost completely and more f ^ J^VI-H are mostly 7<> - 9<#. 
reacted; the weight P^ centa f* °£ the initial particle size 
It is therefore not surpr Jelatio/to the 
of the quartz no longer ^ » o ;«^ characteristics of the 
strength. We may X J? J£ t *SnS£. the strength. 

C-S-H for an understanding oi 

_ , . , „ Tvne m P ^ h.iH an and Strenetn 
gorosityj PartT de-Type Disyri . h strengths 

Feldman and Beaudoin (6) have P^P^J^* two factors, 
of cement pastes and similar «» a ^ortions of dense, crystalline 
the porosity, and the ^ el ^ o V « P ^ 8 ^i2ne material. They 
material and less dense, poc^ t^lly there is an optimum 
concluded that, for any given porosity, 
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blend of these two kinds of material that gives the highest 
strength, and that the proportion of dense, crystalline material 
that is required increases as the porosity becomes less. They 
determined curves of log compressive strength against porosity 
for three types of materials, viz (i) normally cured cement 
pastes, (ii) materials containing predominantly dense, 
crystalline phases, and (iii) autoclaved cement - PPA pastes, 
which they considered to contain a blend of the two. Parts 
of. their curves for materials of type^ (iOju-ul_(iii ) are 
represented on Fig. 2 by curves HD 'and AP respectively. It 
will be seen that the present results for samples made with the 
coarsest quartz fall near to curve HD, while those for the 
samples made with the three finest grades give strengths lying 
on or more often above curve AP. These results agree well 
with Feldman and Beaudoin's views. The samples made with the 
coarsest quartz consist largely of coarse, dense, crystalline 
partxcles, whereas in those made with the .finest fractions the 
distribution of particle sizes, types and densities is in 
general better from the standpoint of strength than that repres- 
ented by the curve AP. 

Feldman and Beaudoin's ideas can also be represented by 
drawing curves of constant compressive strength on plots of 
porosity against particle- type distribution (7), and this 
approach is useful in the present case. Such plots cannot 
be more than semi-quantitative, because the variable called 
particle-type distribution has not been quantified, and serves 
to represent several variables that are by no means perfectly 
correlated with each other. 

Fig. k gives a porosity - particle type - strength plot of 
this type. Curves AB, CD and EF are taken from Feldman and 
Beaudoin's results and represent the three types of material 
t(i) — (iii) respectively) which they described. Lines P — T 
represent the present results for the five different quartz 
particle sizes, and are placed in positions relative to curves 
CD and EF that are in accord with the considerations discussed 
above. Several observations may be made. 

(i) The diagram explains why, for the samples as a 
whole, the strongest tend to be the most porous; the effect of 
particle type outweighs that of porosity/ 

(ii) It explains why addition of kaolinite increases 
strength when the finest quartz is used but reduces it when the 
T 5 - 30 urn quartz is used. Several investigators have shown 
that addition of A£->+ increases the tendency of C-S-H to 
crystallize into tobermorite (1,8,9); further indirect 

FIG. k : 

Compressive strengths (MPa) as 
a function of porosity and 
particle-type distribution. 
Lxnes P — T represent results 
for progressively finer grades 
ot quartz. Lines AB, CD. EF : 
see text. 
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evidence for its effect in increasing C-S-H crys tallinity is 
provided by the observation that it reduces drying shrinkage 
in sand-lime bricks (lO). None of the present samples cont- 
ained anything that could rightly be called toberraorite , but 
the C-S-H crystallinity varied and tended to be higher in 
those made with kaolinite. The samples made with the finest 
quartz contain too little coarse, dense crystalline material 
to give the highest possible strengths for the given porosity, 
and addition of kaolinite .therefore increases strength (Fig. 4, 
movement along line T) . Those made with the 15 - 30 um 
quartz contain too much material of this type and addition of 
kaolinite therefore decreases strength (movement along line R) . 

(iii) The effect of over-reaction is explainable, as giving 
a reduction in strength due to an increase in the crystallinity 
or particle size of the C-S-H beyond the optimum; thus for 
samples made without kaolinite, lower strengths are obtained for 
the finest quartz (left-hand end of line T) than for the 7.5 — 
15 or 15 — 30 jam grades (left-hand ends of lines R and S) . 

(iv) The low correlation of strength with the square of 
the gel : space ratio or other variables shown in Fig. 2 can be 
explained by supposing that their effects are obscured by that 
of particle- type distribution in the C-S-H. 

In conclusion, the present results fully support Feldman 
and Beaudoin's (6) implied conclusion that there are no "good" 
or "bad" binders from the standpoint of strength; a phase 
that gives high strengths in* some situations will give low 
ones in others, and vice versa. There are similarly no unique 
answers to the questions as to whether partial crystallization 
of the C-S-H, or addition of A$3+, improves strength. 
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